We present the design, fabrication, and characterization of a seesaw-lever force-balancing suspension for a silicon gravity-gradient sensor, a gravity gradiometer, that is capable of operation over a range of gravity from 0 to 1 g. This allows for both air and space deployment after ground validation. An overall rationale for designing a microelectromechanical systems (MEMS) gravity gradiometer is developed, indicating that a gravity gradiometer based on a torsion-balance, rather than a differential-accelerometer, provides the best approach. The fundamental micromachined element, a seesaw-lever force-balancing suspension, is designed with a low fundamental frequency for inplane rotation to response gravity gradient but with good rejection of all cross-axis modes. During operation under 1 g, a gravitational force is axially loaded on two straight-beams that perform as a stiff fulcrum for the mass-connection lever without affecting sensitive in-plane rotational sensing. The dynamics of this suspension are analysed by both closed-form and finite element analysis, with good agreement between the two. The suspension has been fabricated using through-wafer deep reactive-ion etching and the dynamics verified both in air and vacuum. The sensitivity of a gravity gradiometer built around this suspension will be dominated by thermal noise, contributing in this case a noise floor of around 10 E= ffiffiffiffiffiffi 
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When frames are static, the most useful component of gravity gradient tensor C zz can be determined by both approaches. For a differential-accelerometer-based gravity gradiometer, the two accelerometers directly determine the gravity gradient as the difference of the outputs divided by their separation. In contrast, the torsion-balance gravity gradiometer transduces the gravity gradient as a single measurement through coupling of two separated masses at either end of a centrally pivoted bar with the angular rotation proportional to the differential torque induced on the two masses by the gravity gradient. In this case, the sensitivity of the measurement will be related to the length of the bar rather than the separation of the two sensors in the differential-accelerometer approach. The output of this torsion-balance gradiometer is maximized when h the angle between the bar and the gravity vector is 45
. A mechanical pathway from reference frames to the proof masses can be identified in both approaches, with the separation bar and flexures swapped in order, framebar-springs-masses for the differential-accelerometer and frame-spring-bar-masses for the torsion-balance. Current gravity gradiometers, specified in Table I , use a combination of differential accelerometers 1,3-9 and torsion balance 10-15 approaches, with the former allowing injection of technology from accelerometer development, while the latter avoids the challenges of accommodating the large 1 g offset present in the vertical component of an acceleration. Such a challenge is met by differential accelerometer gradiometers using a variety of techniques. Lockheed Martin's gradiometer is continuously rotated to modulate the gravity signal and hence separate the signal from offset in frequency. Maryland's superconducting accelerometer is magnetically levitated to remove the gravity contribution, while Stanford University uses free fall in a similar manner. All three approaches require considerable extra mass and complexity. While torsionbalance approaches avoid dealing with the offset, the challenge is then transferred to their suspension as the flexural element should be sensitive to rotational motion but stiff to the translational gravity loading, requiring careful design to reject as far as possible any cross-axis contributions. As well as the vertical gravity component, any gradiometer has to reject other large signals due to measuring in a non-inertial frame: any measurement from the mobile deployment of a gradiometer has to strongly attenuate the external accelerations. A combination of sensor pairing, platform gimbling, and additional acceleration/ rotational sensors has been used to separate the gravity gradient from the platform dynamics for both torsional and differential approaches. In addition, Lockheed Martin's rotation approach can also help attenuate the platform dynamics through oversampling of the external accelerations above the gravity gradient measurement bandwidth.
Due to the combined challenges of rejecting the gravity offset and platform dynamics, terrestrially deployed mobile gradiometers generally have a noise floor of 1 E= ffiffiffiffiffiffi Hz p . In the microgravity environment of space, the offset problem no longer exists and existing gradiometers have therefore focused on differential accelerometers. In addition, on space platforms the external accelerations are greatly reduced. The highest performance achieved is by the Gravity field and steady-state Ocean Circulation Explorer (GOCE) satellite, launched in 2009. The core of the GOCE satellite is a differential-accelerometer-based gravity gradiometer which is comprised of three pairs of ultra-sensitive electrostatic accelerometers with a measurement range of only a few lg. With a resolution of 2 pg= ffiffiffiffiffiffi Hz p , it can achieve a gravity gradient resolution of 4 mE= ffiffiffiffiffiffi Hz p . 16 Recently, an airborne gravity gradiometer based on the GOCE accelerometers was introduced. GREMLIT 17 has four differential accelerometers providing a noise floor of 1 E= ffiffiffiffiffiffi Hz p , demonstrating directly a performance degradation of approximately 250 in accommodating terrestrial gravity on a mobile platform.
II. PREVIOUS APPROACHES TO MINIATURIZE GRAVITY GRADIOMETERS
Conventional gravity gradiometers, whether based on differential accelerometry or torsion balance, range from 12 kg to several tons. Microelectromechanical systems (MEMS) technology offers the potential to miniaturise the sensors within the scaling laws of the transduction. Two approaches, one using differential accelerometry, the other torsion balance, have been presented. Flokstra 18 and co-workers used two identical accelerometers fabricated as a monolithic chip (80 mm Â 80 mm) on a 100 mm silicon wafer. Each accelerometer has a large proof mass of 20 g, achieved by attaching gold blocks to the silicon. The masses are suspended by four spring beams and the displacement is sensed by gap-variation comb capacitive transducers. The resonant frequency of each accelerometer is around 1 Hz which at low temperatures and under vacuum theoretically corresponds to a noise floor of around 120 mE= ffiffiffiffiffiffi Hz p . However, it is not possible to operate this suspension under 1 g and it has not been operated in a microgravity environment to date.
The second monolithic MEMS gravity gradiometer, based on the torsion-balance approach, has been developed by Ghose 19, 20 and co-workers. Their first prototype had a short spring beam bridging the pivot anchor and the proof-mass pendulum and is sensitive to in-plane rotations. A second prototype has two spring beams suspending a mass pendulum and is sensitive to the out-of-plane rotations. Schematics of both prototypes, indicating the direction of the maximum sensing vector, are shown in Figure 2 . The first prototype is fabricated on a SOI wafer allowing a proof mass of 600 lm thick, including the extra mass from the handle layer, giving a fundamental frequency of 1.35 Hz, while the second prototype is fabricated on a single silicon layer whose thickness is 130 lm, having a fundamental frequency of 1.5 Hz. The performance has not been reported for either prototypes, but based on the proof mass, resonance, and a Q of 100 000, a noise floor of 5 and 11 E= ffiffiffiffiffiffi Hz p can be derived. Both prototypes have their displacements sensed by gap-variation capacitive transducers in their compliant directions, and this limits their range as the capacitive gap must be maintained within tight tolerances. However, a more important limitation of both designs is that the gravity vector is transverse to the rotational flexure, inducing off axis displacements. The first design had a considerable out-of-plane sag displacement of 15 lm under Earth gravity, resulting in misalignment and spurious vibration issues. In order to overcome these issues, the second prototypes were designed to reduce the out-of-plane sag. While this design is directed to operation in a microgravity environment, the flexure is still not optimised for rejecting terrestrial gravity. The aim of this work is to identify a design pathway for a MEMS gravity gradiometer, capable of operation on both Earth and in a microgravity environment, with a performance noise floor below 10 E= ffiffiffiffiffiffi Hz p . We achieve this in four steps. First, we determine which of the two approaches, differential accelerometry or torsion balance, provides the optimum MEMS solution. Second, we design a suspension with the fundamental and cross axis stiffness that will allow operation under a range from 0 to 1 g, within the design rules that our microfabrication imposes. Third, we fabricate the suspension using through-wafer etching. Finally, we confirm the dynamics of the fabricated suspension in air and in vacuum to determine the fundamental performance noise floor of our approach. This paper provides a complete description of the design methodology, dynamics, and characterization briefly described for a previous higher-resonant-frequency prototype. 21 
III. DESIGN REQUIREMENTS
The first step is to compare the two possible approaches, differential-accelerometer and torsion-balance, in terms of their performance floor. This floor is determined by the sum of all the noise contributions. At the sensor level, the two major contributions are from the thermal noise of the suspension and the electronics noise from the transduction of the proof-mass motion, whether in translation or rotation. To aid comparison, we ignore details of the implementation in the first instance and assume that the resonant frequencies x 0 and quality factors Q of the both approaches are the same, as are their displacement-transducer noise floor, N DT , their temperature, T, proof masses, m, and the separation of the proof masses, d. In this case, the electronics noise floor, N elec , of each sensor will be (1) and
The thermal noise floor will be
and
Performing as gravity gradiometers, their total equivalent noise of gravity gradient will be
Substituting (5) and (6) to (3) and (4) shows the equivalent noise of gravity gradient for both methods is the same N gg ðdiff Þ ¼ N gg ðtorÞ.
In both cases, the ratio of the contributions for thermal and electronic noises of the order
These ratios are of the same order and can be quantified for a MEMS sensor. A N DT of 1 pm= ffiffiffiffiffiffi Hz p has been demonstrated for MEMS sensors, 22 while a resonance of 1.3 Hz is achievable with a proof mass of 1 g (20 Â 20 Â 0.5 mm silicon). A Q of 100 000 can be obtained in vacuum. Hence for
, and Q ¼ 100 000, this gives a ratio for both methods in the order of 1 Â 10 7 , indicating that the thermal noise floor will dominate, independent of the details of our initial assumptions.
In summary, the total noise of differential-accelerometer and torsion-balance approaches is the same and is dominated by the thermal noise. However, the performance under the Earth's gravitational field produces different challenges to the two approaches. For differential accelerometry, the gravitational field has to be rejected using rotation, levitation, or free fall, each with a considerable resource overhead and a MEMS solution would offer marginal gains. In contrast, the torsion balance approach transfers the problem of field rejection to the suspension and transducers. Here, the micromachining of silicon might offer some distinct advantages: the flexures and proof masses are fabricated monolithically from a single crystal, ensuring that minimal stresses are produced during manufacture and no creep occurs afterwards. This opens up the possibility of a design that exploits the predictability of the stresses in a MEMS suspension to control its response under gravity. Having selected a torsion-balance approach, consider the best geometry that takes advantage of a MEMS approach.
IV. GRADIOMETER DESIGN
A. Overall sensor geometry
The critical aspect of the design is that the gradiometer should be able to sense the vertical component of the gravity gradient C zz within Earth's gravitational field. While the gravity-gradient torque moves the two proof masses in opposite directions, under the gravity field they also move in parallel. This puts demands on both the suspension and the transduction. The cross-axis stiffness, expressed as the ratio of the cross-axis translational mode along the gravity vector to the fundamental rotational mode about the pivot, should be as high as possible. At the same time, the rotation transducer has to sense motion about the horizontal pivot while being able to accommodate a cross-axis gravitational field and reject motion in that direction.
In order to meet the demands on the flexure, a seesawlever force-balancing suspension has been designed to allow rotation in-plane for gravity gradient sensing and stiff to gravity loading. The maximum cross-axis stiffness is achieved by putting the flexures of the suspension into axial tension under gravity such that the restoring forces can act directly to increase the stiffness without, to the first order, increasing the fundamental frequency, performing as a fulcrum. An orthogonal set of four flexures allows operation for all orientation angles about the sensing pivot axis. Figure 3 shows schematically such a set of flexures in the xy plane about a central pivot point providing full support of the proof mass under gravity. In contrast, the flexures of the designs for earlier work in Figure 2 provide no axial tension in the gravity direction allowing sag in the proof mass that complicates operation under a range of gravitational fields.
With the geometry of the suspension of the gradiometer defined, the motion that should be transduced is an in-plane rotation about the pivot, while the in-plane sag under gravity, already minimised by the suspension, should be accommodated while minimising its transduction. A lateral capacitive array transducer (LCAT) 22 offers a possible solution, with the output dependent on the change in overlap between a series of moving electrodes on the two proof masses and a corresponding series of fixed electrodes on a facing die. A noise floor of 1 pm= ffiffiffiffiffiffi Hz p is achievable with a 12 lm gap between the moving and fixed electrodes, with a lateral separation of around 12 lm. Control of the gap is maintained by maximising the stiffness of the suspension to translation in the z axis as well as rotations about the x and y axes.
B. Mass distribution consideration
The mass distribution should be chosen to get maximum performance from a given die. Within a square die, an angular accelerometer can utilise the entire area as an inertial mass. However, a gradiometer can only use one half of the xy plane as only two quadrants will contribute a gravity gradiometer torque (GGT) of the same polarity. Figure 4 shows the two possible symmetries that allocate the proof mass areas in the required opposing quadrants in a die plan, with the die perimeter shown as a dotted line. Both die plans, labelled bow-tie and checker-board, can be arranged in a space-filling packing of a wafer, as indicated.
The choice between the two geometries is made by maximising the performance, determined by the minimum noise, for a given die area. The thermal noise equivalent angular acceleration (TNEAA) of a torsion-balance gravity gradiometer is
where I zz is the moment of inertia. If thermal noise sets the performance floor, assuming the two dies have the same Q and area, this performance parameter is very similar for both dies, with the bow-tie geometry 5% better. However, if the electronics noise sets the performance floor, the performance depends on the product of the gravity-torque displacement response and the maximum possible capacitance of the angular transducer, with the latter term reflecting that the input gain to the electronics is limited by any stray capacitance. In this case, the performance therefore depends directly on the product of the gravity-gradient-torque sensitivity, the resonant frequency, and the first moment of area of the proof mass about the pivot. Calculating those product for the two geometries, the checker-board will be seven times better, and so a better choice where electronics noise dominates. Hence, to optimise the performance for potential testing in air, where the electronics noise dominates, we have selected the checker-board geometry. This choice comes at a minimal cost for the evacuated case where the checker-board geometry will be within 5% of the optimum performance.
C. Suspension dynamics
A model gradiometer design of the checker-board geometry, including the support frames, is shown in Figure 5 . A series of four beam flexures, each of length L, width w, and thickness t, allow a rotation of the proof-mass pair, each of size a Â a, about the z axis with the rotation angle, c, proportional to the gravity gradient along x ¼ y. A circular area, of radius r, is allocated as a central link between the suspension and proof masses. For a beam geometry of w ( L and for small deflections of the flexure less than w, the standard cantilever equations can be used to provide an analytical solution for the suspension dynamics.
Fundamental rotation mode
The pivot is guided to rotate in the xy plane by the four flexures and the dynamics can be treated as a two dimensional. Figure 6 further simplifies the treatment for the balance of forces for a single flexure, with the effect of the other three flexures reflected as the boundary condition of a pivot point with a new set of axes, u and v axial and transverse to the flexure. An applied torque T c about this pivot point is balanced by a beam-bending moment which consists of both the torque from the end force F v with a torque arm of l arm and the force couple M c
Assuming the spring deformation is within its elastic range, the dynamics can be solved by the stiffness matrix method, 23 F 
where E is the Young's modulus, L is the beam length, A is the beam cross-sectional area, and I z ¼ w 3 t=12 is the second moment of area. The end force and the force couple moment can be directly derived as
Based on the Hook's law, the torque applied on the pivot is equivalent to product of the rotational spring constant of a single beam k c 0 and the rotation angle c, having T c ¼ k c 0 c. For small deflections u ¼ 0 and v ¼ rc, the dynamics reduce to a single degree of freedom in c with a corresponding fourbeam spring constant of
for small r/L
The angular frequency of the fundamental rotation mode is given by
where I zz ¼ 7qta 4 =6 is the moment of inertia of the proof mass pair about the pivot. this sensor has to accommodate a vertical displacement. If the sag induced beam deformation is substantial, the dynamic characterization of the gradiometer will be compromised. To avoid this effect, the suspension stiffness for vertical direction should be as large as possible.
In this design, the gradiometer sits vertically for sensing vertical gravity gradient along u-axis, shown in Figure 7 . This vertical sag mode is defined as the xy translational mode since u-or v-axis is 45 between x-and y-axis. The total stiffness along this direction is comprised of lateral stiffness k v and axial stiffness k u for two beams each. But the lateral stiffness of thin beam is much smaller than its axial stiffness; therefore, the in-plane cross-axis stiffness can be simplified
the simple expression for the axial stiffness of the two identical flexure in parallel. Hence, the squared angular frequency of this mode is
The axial loading effect under Earth gravity will not affect the gradiometer dynamic characterization since the axial stiffness of the suspension beams is much larger than others. This is also verified by simulations later. Hence, these two axial-loaded beams perform as the fulcrum of the seesaw-lever force-balancing suspension.
Cross-axes rotational modes
The two lowest-frequency spurious modes correspond to rotations about the x-or y-axis. The four flexures in this mode enforce a pivot along the x-or y-axis through the centre of the link cylinder (Fig. 8) . These modes are three dimensional with the flexure both twisting axially and deflecting out of the xy plane.
The sum of the torques at the inner base of flexure gives
where T u ¼ k 0 u u is the exerted torque. The stiffness matrix method can again be applied, but in this case using the full three-dimensional components. 23 This gives the out-of-plane force F z and torques M g ; M n , as
where GJ is the torsional rigidity of a thin beam. According to the gradiometer geometry, the angles of g, n about u-and v-axis are both equal to u cos 45 , and the out-of-plane deflection z ¼ gr þ ntð1 À cos nÞ (Fig. 9) . Assuming small rotational angles and a link radius much smaller than the flexure length, and a large aspect ratio for the beam, as can be obtained in MEMS fabrication with w ( t, the two modes can be derived as
4. Out-of-plane translational mode
The out-of-plane translational mode (Fig. 9 ) will be important for fabrication robustness and to control the transducer geometry. Following the stiffness matrix method, the out-of-plane stiffness of the four-beam suspension system is and the squared angular frequency is equal to
Spurious mode rejection ratios
The rejection ratio between spurious resonant frequencies and the fundamental frequency should be as large as possible. Assuming the pivot radius r is much smaller than the spring beam length L and the side length of the square mass a is comparable with the spring length L, the resonant frequencies and rejection ratios can be approximately expressed in Table II . The theoretical model considers the material as isotropic for the first order approximation. The rejection ratios are dependent on the MEMS fabrication, namely, the aspect ratio of the springs, t/w, and the die size to beam width L/w.
Finite element analysis (FEA) simulations
A commercial FEA software COMSOL Multi-physics has been used to validate the dynamics of the gradiometer design. Figure 10 illustrates simulation results of the first four vibration modes of the gradiometer in three dimensions. The fundamental mode is rotating in plane about z-axis. The first and third spurious modes are cross-axis rotations about principle y-and x-axis, respectively. The out-of-plane translational vibration mode is the second spurious mode.
FEA simulations for the fundamental frequency of the gradiometer were performed with four parameters: the beam width w ¼ 20 lm, the beam length L ¼ 14 mm, the pivot radius r ¼ 0.3 mm, and the mass side-length a ¼ 14 mm. Comparison of closed-form solutions and FEA are plotted in Figure 11 . FEA simulation results agree well with the theoretical results. Figure 12 plots the variation of the rejection ratios with the beam width. Again, the FEA simulations have good agreement with the theoretical results.
V. FABRICATION IMPLEMENTATION
To validate the dynamic characteristics of the gradiometer suspension design, deep reactive-ion etching (DRIE) was used to fabricate silicon devices for preliminary testing. The wholeprocesses were depicted in Figure 13 , using a double-side polished 4-in. single-crystal silicon wafer with a thickness of 525 lm. First, an aluminium layer of around 400 nm was evaporated on the back side of the silicon wafer to alleviate notching during DRIE through-wafer etching. After a dehydration process, a photoresist layer was coated on the primer prepared wafer surface. The wafer was exposed by ultraviolet (UV) light under a photomask. After the development in the developer, the etching windows were opened and ready for DRIE. After through-wafer etching, the top photoresist and bottom aluminium layers were striped by soaking the etched wafer in acetone and then developer. A fabricated gradiometer prototype alongside a British pound is shown in Figure 14 . The two 15 mm square proofmasses, in total 0.55 g, are connected by a 1 mm pivot radius suspended by four 26 lm wide and 14 mm long beams connecting to the outer frame.
VI. SUSPENSION DYNAMICS CHARACTERIZATION A. Experiment setup
The dynamics of the prototype was measured by a commercial laser displacement sensor Keyence LK-G5000 series with a resolution of 25 nm for the laser head LK-H052. 24 The basis of displacement measurements is triangulation 25 from laser reflection on a CMOS image sensor (Fig. 15) . For excitation, a piezoelectric diaphragm was driven by a function generator. Both passive and active anti-vibration stages were used to suppress the background vibration noise.
The frame of the gradiometer prototype was fixed on a customized glass holder, enabling the gradiometer suspension free to move. The laser beam was vertically directed at the gradiometer proof-mass. A thin gold layer was plated on the top of the prototype to improve the reflected power.
B. Experimental results
For the fundamental frequency measurement, the gradiometer was excited by rotating it in-plane manually. Due to the uneven gold features, the laser head can sense the distance difference. In this case, the position of the reflected laser spot on CMOS varied periodically during the in-plane vibration of the gradiometer. Once the excitation force was absent, the gradiometer would oscillate at its fundamental frequency. Hence, the measured displacement-variation frequency of the laser spot can be used to determine the fundamental frequency of the gradiometer.
In order to measure other vibration modes, the glass holder was fixed on the piezoelectric diaphragm driven by a sinusoidal signal sweeping from 10 Hz to 300 Hz. Once the signal frequency was close to one of the gradiometer resonant frequencies, the vibration amplitude became evident and was then detected by the laser displacement sensor. Hence, the resonant frequencies of the gradiometer were investigated by observing maximum achievable amplitudes while sweeping the frequency of the signal generator. In this case, the first four resonant frequencies of the gradiometer were found and their power spectrum is plotted in Figure 16 results are compared with theoretical and FEA simulation results in Table III. A typical ring-down experiment was conducted to investigate the quality factor of the gradiometer operated in air. The results are plotted in Figure 17 . The vibration amplitude decayed exponentially, and the decay time constant was measured as 17.5 s, giving a quality factor of 360 in air. Hence, the thermal noise can be calculated from Equation (9) as 160 E= ffiffiffiffiffiffi Hz p at room temperature in air.
VII. DISCUSSION
The frequency of the cross-axis translational mode is more than 400 times larger than the in-plane mode, corresponding to a sag displacement under Earth gravity of 20 nm. Hence, the displacement transducer geometry is unaffected by the external gravity environment. In order to quantify the effect of gravity on the dynamics, FEA was used to determine that the fundamental mode with and without gravity shifts by just 3 ppm. With its suspension cable of providing excellent rejection of the gravitational field, the gradiometer can operate in a full range of gravity environments.
For the inertial platform of a space deployment, a single device of the current design can be used to determine one component of the gravity gradient tensor. To provide common-mode rejections of rotations about the suspension pivot axis that can be expected on a dynamic platform, two identical devices can be monolithically fabricated in an orthogonal orientation on a single chip.
The suspension of Figure 14 can be vacuum packaged between two capping dies. For the critical device dimension of 12 lm, the mean free path corresponds to a pressure of 2000 Pa. Hence, a relatively modest vacuum will eliminate gas damping, typically allowing a Q of 100 000. This corresponds to a thermal noise floor of 10 E= ffiffiffiffiffiffi Hz p at room temperature. The electronics for the gradiometer displacement transducer we are going to use are inherited from the NASA's InSight microseismometer which has been developed recently in our group. 22 The estimated electronic noise is negligible, around 0:2 E= ffiffiffiffiffiffi Hz p for our gradiometer design. The total noise floor of our MEMS gravity gradiometer would be 10 E= ffiffiffiffiffiffi Hz p listed in Table IV . Compared with predictions from previous MEMS gravity gradiometers with the same quality factor, temperature and similar die size, our MEMS sensor has a comparable noise floor and can also be operated on Earth. Compared with conventional gravity gradiometers in Table I , the performance of our MEMS sensor is within an order of magnitude but greatly reduced volume and weight.
VIII. CONCLUSION
We have presented a rationale for optimising the geometry of a MEMS gravity gradiometer capable of operation under a range of gravity environments. The design and dynamical analysis of a seesaw-lever force-balancing suspension for a torsion-balance gravity gradiometer has been developed to identify and maximally reject all cross-axis modes, with closed-form and FEA results in good agreement. The suspension has been fabricated using a DRIE throughwafer process and the analysis validated against sensor performance. The noise floor of a MEMS gravity gradiometer based on this suspension is derived as 10 E= ffiffiffiffiffiffi Hz p , within an order of magnitude than conventional gravity gradiometers and comparable to previous MEMS gravity gradiometers. Derived from given parameters.
